We review several mechanisms for supersymmetry breaking in orientifold models. In particular, we focus on non-supersymmetric open-string realisations that correspond to consistent flat-space solutions of the classical equations of motion. In these models, the one-loop vacuum energy can typically fixed by the size of the compact extra dimensions, and can thus be tuned to extremely small values if enough extra dimensions are large. November, 2004 1. A glimpse at orientifold constructions Type I models have become the subject of an intense activity during the last few years, since their perturbative definition offers interesting new possibilities for low-energy phenomenology. Their consistency and a number of their most amusing features may be traced back to the relation to suitable "parent" models of oriented closed strings [1,2], from which their spectra can be derived. In this procedure, a special role is played by "tadpole conditions" for Ramond-Ramond (R-R) and Neveu-Schwarz-Neveu-Schwarz (NS-NS) massless states. One of the most amusing features of orientifold constructions is the different origin of gravitational and gauge interactions. Although this observation might seem in contrast with the old dream of unifying geometry and matter, it actually allows for more generic vacuum configurations with interesting implications. On the one hand, gravity originates from closed strings, and as such permeates the whole ten-dimensional space time. On the other hand, gauge interactions are associated to open strings whose free ends live on Dp-branes [3], p + 1 dimensional hyper manifolds embedded in the tendimensional bulk. In particular, if we denote by x µ (y a ) the coordinates along (transverse to) the world-volume of the D-branes, this simple observation implies for example that the full metric tensor and the space-time gauge field are of the form g M N = g M N (x ρ , y a ) , A µ = A µ (x ρ ) , (1.1) and, as we shall see, this fact has dramatic consequences in orientifold constructions. Given this geometric description of orientifold constructions, one can associate a more physical interpretation to tadpole conditions. While R-R tadpoles are to be regarded as global neutrality conditions for R-R charges [4], NS-NS tadpoles ensure that the configurations of D-branes and O-planes (a sort of rigid mirrors that revert the orientation of closed and open strings) be globally massless. In supersymmetric models these two conditions are related by supersymmetry transformations, and thus the vanishing of R-R tadpoles naturally implies that the NS-NS ones vanish as well. However, it worth stressing here that they have completely different consequences: while the R-R tadpole conditions are required by gauge invariance and their violation is linked to the emergence of irreducible gauge and gravitational anomalies [5,6], NS-NS tadpoles are not associated to any inconsistency, and thus in principle may be relaxed. In doing so, however, one perturbs the background geometry [7], with the end result that full fledged string theory calculations are more difficult to perform [8].
Non tachyonic type 0 vacua in various dimensions
Looking for non supersymmetric vacua, type 0 strings [9] offer a natural arena. Typically, these theories include in their spectrum tachyonic modes (both in the closed and in the open sector) that induce instabilities in the vacuum. However, it was shown in [10, 11] that orientifold constructions allow for different choices of projections and in particular in [12] a tachyon-free descendant of the type 0B theory was built. Together with non-tachyonic non-supersymmetric heterotic strings [13] , this is a notable example of a classically stable string vacuum without supersymmetry.
A natural question is then whether these properties will survive upon compactification on non trivial manifolds. While surprises are not expected in simple toroidal reductions, new interesting features emerge when orbifolds are considered. Since the ten-dimensional parent strings are not supersymmetric to begin with, one is now entitled to use both supersymmetry-preserving [14] and supersymmetry-breaking twists [15] . In the case of T 4 /Z N and T 6 /Z N compactifications, an exhaustive analysis has revealed that, for generic N , aside from the surviving untwisted tachyon of the parent closed oriented theory, new complex twisted tachyons are typically present in the spectrum of light excitations [14, 15] .
As a result, a generic orientifold projection can only make the twisted tachyons real, and thus classical instabilities are always present. The only exception is given by the supersymmetry-preserving T 4 /Z 2 , T 6 /Z 3 and T 6 /Z 2 × Z 2 and supersymmetry-breaking T 6 /Z 2 cases, where no tachyons emerge in the twisted sectors. One can then properly deform the orientifold projection as in [12] and build new lower-dimensional vacua free from untwisted and twisted tachyonic modes [14] . One should stress here that, although these vacua are tachyon-free, the impossibility of cancelling their NS-NS tadpoles and the generation of a one-loop cosmological constant inevitably destabilise the classical vacuum.
Type 0 theories and their D-branes have also triggered some activity in the context of gauge/gravity dualities [16] for non-supersymmetric non-conformal theories. While in oriented type 0B strings the presence of the tachyon complicates the gravity description and leads to instabilities in the dual strongly coupled field theory, a sensible holographic description of non-supersymmetric gauge theories was proposed in [17] . Resorting to the non-tachyonic orientifolds of [12] , the gauge theory in the open-string sector turns out to be conformal in the planar large-N limit, and therefore several results can be argued from the parent N = 4 theory. In particular, the leading (planar) geometry remains AdS 5 × S 5 with a constant dilaton field. For finite N , however, the gauge theory is no longer conformal and new features are expected in the gravity description. Indeed, the lack of conformal invariance translates on the string side into the presence of a non-vanishing dilaton tadpole at the disk level that induces deviations from the AdS 5 × S 5 geometry.
In addition, the dilaton starts running consistently with the RG-determined behaviour for the gauge coupling on the field theory side. Moreover, the back-reaction in the classical geometry predicts a quark-anti-quark potential interpolating between a (logarithmically running) Coulomb phase and a confining phase in the IR, as expected from the field theory analysis [17] . More recently this study has been extended to obtain exact results in non-supersymmetric gauge theories [18] .
Breaking supersymmetry spontaneously
Compared to explicit breakings of supersymmetry by suitable choices of modular invariant partition functions and/or compactification manifolds, the spontaneous breaking has more appealing properties since at times it allows one to attain a better control on radiative corrections of masses and couplings.
Independently of the specific mechanism at work, whenever supersymmetry is spontaneously broken at a scale M sb (depending on the specific model one is considering), the (tree-level) mass splitting in a given super multiplet and the (one-loop induced) cosmological constant are typically both determined by M sb : Type II string models with a cosmological constant possibly vanishing in perturbation theory were studied in refs. [19, 20] . Their main feature is a Fermi-Bose degenerate spectrum, leading to an automatic vanishing of the one-loop vacuum energy. Aside from the question of higher-loop corrections [21] , their main defect is that the non-abelian gauge sector, appearing at particular singular points of the compactification manifold, or on appropriate D-brane collections, is always supersymmetric [22, 23] . Thus, it is questionable whether such constructions can accommodate gauge degrees of freedom with large supersymmetry-breaking mass splittings without spoiling the vanishing of the vacuum energy.
Among the mechanisms to break supersymmetry in the gauge sector, intersecting brane models [24] , T-dual to magnetic field backgrounds [25] , have proved to be a natural setting to realise Standard-Model-like patterns of gauge symmetries and matter fields within string theory (see [26] for a review and references therein). However, they are generally plagued by tachyonic instabilities, and only in few cases the fate of these unstable configurations has been studied in some detail [27] . Moreover, in standard realisations it seems quite difficult to give masses to the superpartners of the SU (3) × SU (2) × U (1) gauge bosons, and typically a sizeable vacuum energy determined by the intersection angles (or by the strength of the background magnetic fields) is generated already at the disk level [25] . These constructions can be extended to the case of magnetic backgrounds for the gravi-photon, corresponding to strings fluctuating in Melvin spaces. In this case the breaking of supersymmetry is felt also by the closed-string sector, and a T-dual description would include orientifold planes at generic angles [28] . Although this scenario has not found a direct application in string phenomenology, it provides an interesting example of conformal field theories with non-compact target spaces associated to orbifolds with irrational twists, and also exhibits some amusing arithmetic properties [29] . The Scherk-Schwarz mechanism provides an elegant realisation of supersymmetry breaking by compactification in field theory [30] . In the simplest case of circle compactification, it amounts to allowing the higher dimensional fields to be periodic around the circle up to an R-symmetry transformation. The Kaluza-Klein momenta of the various fields are correspondingly shifted proportionally to their R charges, and modular invariance dictates the extension of this mechanism to the full perturbative spectrum in models of oriented closed strings [31] . As a result the gravitini get masses inversely proportional to the compactification radius
while the breaking of supersymmetry is accompanied by a one-loop vacuum energy that reproduces the behaviour familiar from field theory
aside from additional terms exponentially suppressed with R originating from the twisted sector [32] . When open strings are present, one has to distinguish between the two cases of Scherk-Schwarz deformations transverse or longitudinal to the world-volume of the branes [33] . In fact, as a result of (1.1) in the former case the open-string fields do not depend on the coordinates of the extra dimension, and therefore are not affected by the deformation. In this scenario, termed in [33] "M-theory breaking", the D-brane excitations stay supersymmetric (at least to lowest order) and the gaugino mass is identically vanishing, m 1/2 = 0. In the latter case, instead, the R charges determine the masses of the fields and
Finally, Brane Supersymmetry Breaking [34] is a purely stringy mechanism that to lowest order affects only the open-string excitations. The supersymmetric bulk is coupled to non-supersymmetric branes, where the mass splitting is set by the string scale itself, where some tadpole conditions were long known to allow apparently no consistent solution [36] . At the level of the low-energy effective action the apparently broken supersymmetry is linearly realised in the open-string sector and the a singlet spinor, always present in these models, plays the role of the goldstino [37] .
Scales in orientifold models
We have long been accustomed to accepting the fate that typical string effects are confined to very high energies. This is directly implied by the often implicit identification 
with g s the string coupling constant, and R and F 2 the familiar Ricci scalar and the kinetic term for gauge fields. Upon compactification to four dimensions, the Planck length and the gauge coupling constant
are related to the volumes V and V ⊥ parallel and orthogonal to the branes as well as to the string length ℓ s and to the string coupling constant g s . Combining eqs. (4.1), one can arrive at the key expressions [38] . Aside from the n = 1 case, clearly excluded, all other cases are actually consistent with observations.
Suppressing the cosmological constant
It is very suggestive, if not a simple numerical coincidence, that for n = 2 the size of the transverse dimensions is of the same order of magnitude as the observed cosmological constant scale, R ⊥ ∼ E −1 Λ . In fact, as we have seen, the behaviour Λ ∼ R −4 ⊥ is typical of models where supersymmetry is broken by Scherk-Schwarz deformations. However, in this case mass splittings are at most of order R −1 ⊥ , and thus too small by several orders of magnitude. Similarly, in models featuring Brane Supersymmetry Breaking the gaugino mass, determined by the string scale itself, can be naturally tuned to a few TeV, consistently with data from particle accelerators. It would thus be tempting to combine Scherk-Schwarz reductions transverse to the branes with brane supersymmetry breaking in order to disentangle the cosmological constant scale and the gaugino mass scale, and to tune them to experimentally acceptable values. However, a naive combination of these two effects would appear to spoil the value of the vacuum energy, since
would receive contributions of order M 4 s ∼ (few TeV) 4 from the brane supersymmetry breaking mechanism, unless the open-string spectrum is Fermi-Bose degenerate. In one possible realisation, this degeneracy might be thought of as emerging from a supersymmetric theory where the super partners have been displaced appropriately in position space.
In order to achieve such a Fermi-Bose degenerate open-string spectrum one turns on discrete values for the NS-NS B ab along the compact directions. The presence of such a background, or of similar discrete vacuum expectation values of fields projected out by the world-sheet parity [39] , reverts the nature of some of the orientifold planes [40] , and therefore fewer numbers of D-branes are required to cancel tadpoles. As a result, in the open-string sector the rank of the gauge group is reduced proportionally to the rank of the non-vanishing B ab , and moreover symplectic groups can be continuously connected to orthogonal ones [40] . In orbifold compactifications these phenomena are accompanied by a modified structure of the fixed points, that in the presence of a quantised B ab arrange themselves into multiplets and induce different projections in the twisted sector [41] .
As a result, in six-dimensional N = (1, 0) compactifications variable numbers of tensor multiplets are present in the closed unoriented spectrum, thus providing a geometrical description of the rational constructions first presented in [42] . The presence of these additional tensors is actually crucial for obtaining consistent vacuum configurations, since they play a significant role in a generalised Green-Schwarz mechanism for anomaly cancellation [43] . Discrete values for the NS-NS B-field are of crucial importance also in compactifications on magnetised backgrounds, where odd numbers of families of chiral matter are then allowed [44] .
The simplest string theory construction with a Fermi-Bose degenerate spectrum [45] corresponds to the M-theory breaking model of [33] compactified on an additional T 2 that is permeated with a quantised B ab . To be more concrete, the one-loop torus, Klein, annulus, and Möbius-strip amplitudes
encode all the information about the geometry and the spectrum of the vacuum configuration (see [45] for details). Supersymmetry is clearly brokenà The one-loop vacuum energy is then
and, aside from the power-low behaviour originating from the torus amplitude, that after a four-dimensional reduction on a spectator T 3 yields the announced R −4 term in (5.1), receives only exponentially suppressed contributions from K, A and M provided the radii are appropriately correlated [45] . This is the simplest instance of a class of non-supersymmetric orientifolds with two large transverse dimensions and a naturally small cosmological constant. In the largeradius limit supersymmetry is restored in the bulk, while the D-brane spectra stay nonsupersymmetric, but exhibit Fermi-Bose degeneracy at all massive string levels. In loose terms, the model contains two "mirror worlds", and the degeneracy is due to an interchange of the ordinary superpartners on the two branes.
Taming higher-order corrections
Having found a model with a Fermi-Bose degenerate massless spectrum in the openstring sector does not suffice, however, to guarantee that higher-loop corrections do not induce sizeable contributions to the vacuum energy. In orientifold models these originate by diagrams with increasing numbers of handles, crosscaps and holes, and are in general quite hard to compute directly (see, for instance, [46] ). Despite these technical difficulties it is at times possible to get a flavour of the qualitative behaviour of higher-genus vacuum amplitudes and to discriminate between those that are vanishing identically and those that are not.
Let us consider for example the model presented in [47] . It consists essentially in a discrete deformation of the open-string sector allowed by the two-dimensional CFT constraints [10] , in such a way that a fully supersymmetric bulk is accompanied by non-supersymmetric branes with gauge group SO(8) × USp (8) and fermions in the (36, 1) + (1, 28) . The relevant transverse-channel amplitudes for our discussion are (see [47] for more details)
It is then clear that for N = M (both equal to eight as a result of tadpole conditions) these one loop amplitudes vanish identically, even in the presence of supersymmetry breaking, as a result of the Jacobi identity V 8 ≡ S 8 .
Moving to higher-genus, the amplitudes associated with closed Riemann surfaces, both oriented and unoriented, are expected to vanish, since the closed-string sector is not affected by the deformation and hence have the same properties as the type I superstring. 
where the N ij k are the fusion rule coefficients and V ij k (Ω αβ ) are complicated functions of the period matrix encoding the three-point interaction among states i, j and k. This amplitude is expected to vanish in the supersymmetric (undeformed) case, and this requirement imposes some relations among the functions V ij k (Ω αβ ) that we have not defined explicitly.
For instance, for the undeformed supersymmetric version of the model in (6.2) and (6.3), whose open-string amplitudes are now
the genus three-half amplitude takes the form 
